1. The degradative pathway of melamine (1,3,5-triazine-2,4,6-triamine) was examined in Pseudomonas sp. strain A. 2. The bacterium grew with melamine, ammeline, ammelide, cyanuric acid or NH+ as sole source of nitrogen, and each substrate was entirely metabolized. Utilization of ammeline, ammelide, cyanuric acid or NH+ was concomitant with growth. But with melamine as substrate, a transient intermediate was detected, which was identified as ammeline by three methods. 3. Enzymes from strain A were separated by chromatography on DEAE-cellulose, and four activities were examined. 4. Melamine was converted stoichiometrically into equimolar amounts of ammeline and NH+. 5. Ammeline was converted stoichiometrically into equimolar amounts of ammelide and NH+; ammelide was identified by four methods. 6. Ammelide was converted stoichiometrically into equimolar amounts of cyanuric acid and NH+; cyanuric acid was identified by four methods. 7. Cyanuric acid was converted by an enzyme preparation into an unidentified product with negligible release of NH+. 8. The specific activites of the degradative enzymes (>0.3 mkat/kg of protein) were high enough to explain the growth rate of the organism. 9. The bacterium converted 0.4mM-melamine anaerobically into 2.3mM-NH+. 10. Two other pseudomonads and two strains of Klebsiella pneumoniae were also examined, with similar results. 11. The degradative pathway of melamine appears to be hydrolytic, and proceeds by three successive deaminations to cyanuric acid, which is further metabolized.
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s-Triazines are used widely as commercial (Table 1 ; Beilstein et al., 1981) . DE-52 DEAEchemicals (e.g. Cook & Hiitter, 1981b) , some of cellulose was purchased from Whatman, Maidwhich are produced in very large quantities, e.g., stone, Kent, U.K. Pharmacia (Uppsala, Sweden) melamine (Reitter & Lihotzky, 1978 Nagel, Duiren, Germany. All other chemicals were of suggested previously (Cook & Huitter, 1981b portion of these data has been presented in prelimiApparatus, analyses and identification of metanary form (Jutzi et al., 1981 washed pellet was suspended at 250mg wet wt./ml Bond septa (Pierce) and heated on a thermoin the chilled buffer, and the cells were disrupted by statically controlled heating block (Silli-Therm; two passages through an ice-cold French pressure Pierce). Tentative identification of an organic comcell (Aminco, Silver Spring, MD, U.S.A.) at about pound was confirmed by mass spectrometry of 130MPa. The suspension of disrupted cells was purified material (Beilstein et al., 1981 Teflon-lined caps) before analysis for s-triazines and NH4 was measured by the nitroprusside reaction NH+. The reaction rate was calculated as the slope (Weatherburn, 1967 (Fig. 1 a) ; the melamine, was consumed during further growth. At nitrogen source was utilized quantitatively, and the the end of growth with melamine as the sole supplied growth yield was about 50g of protein/mol of source of nitrogen, the growth yield was 45g of nitrogen, similar to data from end-point deterprotein/mol of nitrogen, 'similar to the control minations (Cook & Hutter, 1981a activity. The high molecular weight indicated by Fig. 2 . Separation of enzymes of s-triazine degradation elution from the Sephadex G-25 column in the from strain A on DEAE-cellulose excluded volume, the fact that the activities were Crude extract (about 500mg of protein in 10mM-heat-labile (no activity after 1 min at 1000 C) and the phosphate buffer) of strain A, which had been grown observation that the activities were not sedimented with melamine as sole source of nitrogen, was with the membrane fraction showed the activities to applied to the column, and proteins were eluted by be due to soluble enzymes. applying a linear gradient of phosphate buffer, as
To enable identification of the products of these detailed in the Experimental section. Activity was enzymic reactions, enzymes in crude extracts were measured as substrate disappearance: 0, mels o amine; A, ammeline; 0, ammelide; A, cyanuric separated on a DEAE-cellulose column (Fig. 2) . The acid.
activity catalysing the disappearance of melamine was eluted as a wide band. The activity degrading ammeline was eluted as a sharp peak under the early part of the melamine-degrading activity. The ammeammeline. Its u.v. spectrum was identical with that lide-degrading activity was eluted as a sharp peak of authentic ammeline (Amax = 230nm) and the after the bulk of the ammeline-degrading activity.
identification of the intermediate as ammeline was
The activity degrading cyanuric acid was eluted still confirmed by mass spectrometry (not shown; cf.
later as a wide band. There were thus four activities Table 1) .
to be seen after this separation (disappearance of
We anticipated ammelide and cyanuric acid as melamine, ammeline, ammelide or cyanuric acid), subsequent intermediates in the degradative pathway each activity with different characteristics. All four (Cook & Hiitter, 1981b) , but neither was produced reactions can be seen to be quantitative (Fig. 2) . in detectable amounts during growth (Fig. 1) or in The fractions chosen for further study from the experiments with non-growing cells (Cook & HFitter, DEAE-cellulose column did not contain activity of 198 la), and in experiments with crude extracts from the following reaction in the putative degradative strain A only negligible amounts were observed.
pathway. The reaction products from melamine were However, these same crude extracts catalysed reammeline and NH+in equimolar amounts (Table 3) . actions in which melamine, ammeline, ammelide or Ammeline was degraded stoichiometrically to cyanuric acid disappeared (Table 2) , and the specific NH+ (Table 3 ) and a product that was detected by activities were essentially independent of the nitrogen h.p.l.c. and that co-chromatographed with authentic source supplied for growth (Table 2) . ammelide on reversed phase and on the amine- H2N N NH2 2) with negligible release of NH+ (Table 3) , and is H20 believed to be metabolized through biuret (and urea; ANH3 Beilstein & Hiitter, 1980; Beilstein, 1982 The mechanism of each of the three deaminations and ring cleavage appears to be hydrolytic. The reactions proceed in the absence of 02, and the simple reaction mixture is a further argument against (mono-)oxygenases. This hypothesis will have to be tested by experiments with 180-labelled water and 02* Provisionally, we expect the deaminases (catalysing the steps from melamine to cyanuric acid) to belong to class EC 3.5.4.
Data suggesting parts of this pathway have been cited (Reitter & Lihotzky, 1978) for the thermal destruction of melamine and for the degradation of ammeline in soil and mammals (e.g. Esser et a!., 1975) . Those workers faced considerable analytical problems in their often tentative identifications of intermediates, and only the development of h.p.l.c. analysis (Beilstein et at., 1981) has made routine quantitative determinations possible.
The enzyme assays in this work were not optimized, as the aim was to elucidate the degradative pathway. Nevertheless, the low activity of ammeline degradation relative to melamine degradation (Table 2) is presumably a valid reflection of the activities within the cell, because strain A excretes ammeline when growing with melamine as the sole supplied nitrogen source (Fig. 1 b) .
